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2. Experimental procedures 
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Table 1. Chemical composition of 6 mm thick DH36 steel (wt%).
C Si Mn P S Al Nb N
0.11 0.37 1.48 0.014 0.004 0.02 0.02 0.002
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 Transverse tensile testing: to determine the yield strength and UTS of each weld in 
accordance with ISO Standards, and the position of the fracture (parent material or weld 
metal) hence further support the observations on the weld quality 
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Fig. 1. Typical macro-graph showing the position of the notch axis of symmetry of the seven 
Charpy samples examined from each weld. 
3. Results and discussion 
3.1. Microstructural observations 
The following nomenclature is adopted in the present study and the main regions of the weld 
zone are illustrated in Figure 2, where: 
 AD: Advancing side, the side where the rotating FSW tool pushes the metal towards the 
weld direction, i.e. forwards. The convention employed herein is that samples are 
prepared so that the advancing side is presented on the left side of all images. 
 RT: Retreating side, the side where the rotating tool pushes the metal in a direction 
opposite to the weld direction, i.e. backwards. 
 TMAZ: Thermo-mechanically affected zone in which the material has been thermo-
mechanically stirred by the FSW tool. 
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 HAZ: Heat affected zone, where the metal has been affected by heat as it dissipates from 
the TMAZ, but not mechanically stirred. 
 PM: Parent material, metal not affected by the process. 
Fig. 2. A typical macrograph of the friction stir weld region. 
A ferrite rich, homogeneous microstructure with highly refined grains of random geometry is 
observed in welds produced with traverse speeds of 100 J 200 mm/min (Figures 3a & 3b). 
Acicular-shaped bainitic ferrite appeared at a small ratio compared to the ferrite rich 
microstructure in samples produced with a welding speed of approximately 120 mm/min 
(Figure 3b); the acicular-shaped bainitic ferrite content was found to gradually increase with 
increasing traverse speed and constant rotational speed (200 rpm). The observed increase 
in bainite confirms that the cooling rate is increasing with increasing traverse speed. Another 
publication [5] reports a predominantly acicular shaped bainitic ferrite stir zone (TMAZ) 
microstructure using a similar traverse speed of 127 mm/min. It is noted that this is a product 
of the phase transformation of austenite in the supercritical stir zone (central TMAZ) to ferrite 
at a high cooling rate, as acicular bainitic ferrites nucleate mainly on the austenite grain 
boundaries. There is however an uncertainty on how this microstructure is developed 
considering the high rotational speed of 450 rpm for the stated traverse speed [5]; this could 
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be the outcome of an undisclosed applied forced cooling method, 0=3 C74 BC44;MB 38554A4=C
chemical composition to DH36. 
Fig. 3. Microstructure of mid-TMAZ [x1000, Etched] (a) 100 mm/min; (b) 120 mm/min; 
(c) 350 mm/min; (d) 375 mm/min. 
As tool traverse and rotational speed are seen to increase, the microstructure becomes more 
heterogeneous, with regions of increasing bainite content (suggesting an increased cooling 
rate). However, this heterogeneous microstructure does not seem to have a significant effect 
on the mechanical properties (see later). Welding at 350 mm/min and 375 mm/min produces 
an acicular-shaped bainitic ferrite homogeneous microstructure (Figures 3c & 3d 
respectively) with prior austenite grain boundaries clearly observed in the former.  
A step change improvement to the conventionally adopted FSW speeds is established by the 
high welding speed of 500 mm/min. Welding at this speed generates a heterogeneous 
microstructure with poorly mixed regions of acicular ferrite and varying bainite content 
(Figure 4). As above, prior austenite grain boundaries are very pronounced particularly on 
the regions of bainite predominant microstructure. One weld at 500 mm/min J 700 rpm 
exhibits two distinct microstructures in the TMAZ (Figure 4b), hence these would be 
expected to act as stress concentration regions. Still, C78B F4;3MB satisfactory tensile 
behaviour (see later) seems to suggest that a good balance of traverse and rotational speed 
has been obtained which could be attributed to the grain refinement and a suitable ratio of 
microstructures overtaking the negative effects of heterogeneity. A bainitic and martensitic 
(thus acicular) microstructure in the TMAZ is reported in a previous study [2] using the same 
grade of steel and a marginally lower traverse speed of 450 mm/min. No ferrite phase is 
detected in this region hence the observed phases are attributed to the phase transformation 
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Although the specific rotational speed is not disclosed, the presence of martensite suggests 
that the cooling rate developed during welding [2] is higher than the rate occurring herein. 
Fig. 4. Microstructure of mid-TMAZ AD side at 500 mm/min [x1000, Etched] (a) 675 rpm; 
(b) 700 rpm. 
The two welds of Figure 4, 500 mm/min J 675 rpm and 500 mm/min J 700 rpm, only vary by 
25 rpm but the former can be described as an unstable weld (see later). In addition, 
incomplete fusion characteristics can be observed on the advancing side of two welds at 500 
mm/min (600 & 650 rpm) and these can be expected to affect the mechanical properties of 
the relevant welds. These observations demonstrate that the FSW process is quite sensitive 
to minor variations in welding parameters such as rotational speed in the high traverse speed 
of 500 mm/min. 
3.2. Transverse tensile testing 
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Table 2. Summary of DH36 FSW transverse tensile test results at room temperature.
Welding speed, 
mm/min
Rotation 
speed, rpm
Yield Strength 
(0.2%), MPa
UTS,
MPa
Fracture
region
Fracture 
mode
Slow traverse speed welds
100 # 200 200 J 400 386 J 409 521 J 540 PM Ductile
Intermediate traverse speed welds
250 # 400 300 J 550 378 J 405 514 J 544 PM Ductile
Fast traverse speed welds
500 600 383 J 400 488 J 457 Weld, AD side Brittle
500 650 408 J 417 526 J 563 Weld, AD side Brittle
500 575 423 J 442 433 J 480 Weld, AD side Brittle
500 700 382 J 401 519 J 546 PM Ductile
500 675
390, 397 458, 514 Weld, AD side Brittle
394 532 PM Ductile
3.3. Hardness 
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Fig. 5. Weld region micro-hardness distribution for 6 indicative welds (a) weld speed in 
mm/min; (b) tool rotational speed in rpm. 
(74F4;3>5		<<<8=J		A?<86DA414G7818CB786770A3=4BBF8C7<8=>AE0A80C8>=B
02A>BB C74 F4;3 A468>= 0= >1B4AE0C8>= F7827 <0H ?0AC;H 4G?;08= C74 F4;3MB 4G24;;4=C
CA0=BE4AB4C4=B8;41470E8>DA(74F4;3>5		<<<8=JA?<38B?;0HB78674A70A3=4BB
E0;D4BF8C72>=B834A01;434E80C8>=B840=8=3820C8>=>58CB<82A>BCAD2CDA0;74C4A>64=48CH0=3
?40:70A3=4BB>=C74>DC4AB834F78278B4G?42C43C>2>AA4;0C4F8C7 8CB C4=B8;4B0<?;4B
5A02CDA4 ?>B8C8>= #C74A BCD384B ./ 70E4 A4?>AC43 B8<8;0A E0A80C8>=B 8= C74 70A3=4BB
38BCA81DC8>=F8C78=C74F4;3(!-C74B86=85820=CE0A80C8>=B>570A3=4BBF8C78=C74F4;3I>=4
>50;;F4;38=6?0A0<4C4AB4G0<8=431H7>B7./0A40BB>280C43F8C7C7474C4A>64=48CH
100
150
200
250
300
350
400
-5 -3 -1 1 3 5
H
a
rd
n
e
s
s
, 
H
V
Distance from weld centreline, mm
(a) Slow & Intemediate welds, top-TMAZ (5mm)
W1
W7
W13
W11
PM
100
150
200
250
300
350
400
-5 -3 -1 1 3 5
H
a
rd
n
e
s
s
, 
H
V
Distance from weld centreline, mm
(b) Fast welds, top-TMAZ (5mm)
W18
W19
PM
ADRT
ADRT
100
200
350
375
PM
700
675
PM
>5 C74 A4BD;C0=C <82A>BCAD2CDA4 7>   ./ 0A6D4 C70C C74 BD1BC0=C80;;H 78674A 70A3=4BB
5>D=3 8= C74 BC8A I>=4 24=CA0; (!- 8B 20DB43 1H C74 0282D;0A B70?43 108=8C82 54AA8C4
<82A>BCAD2CDA4 !>BC 8=C4A<4380C4 0=3 7867 CA0E4AB4 B?443 F4;3B >5 C78B BCD3H 4G7818C 0
2><?0A01;41DCA40B>=01;H7><>64=4>DB<82A>BCAD2CDA40=3C78B7><>64=48CHB44<BC>14
A4B?>=B81;45>AC74B<0;;4AE0A80C8>=B5>D=38=C74(!-70A3=4BB38BCA81DC8>=
3.4. Impact toughness 
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Table 3. Impact toughness data in the weld region for six welds at 20oC (CL: centreline). 
Distance from weld centreline: 4.5 3 1.5 0 -1.5 -3 -4.5
Welding speed, 
mm/min
Rotation 
speed, rpm
AD CL RT
100 200 91 83 75 112 78 80 105
200 400 108 40 37 101 51 48 44
350 450 67 80 102 92 93 74 69
375 400 65.5 76 134 91 81 76.5 65
500 700 80.5 84.5 127 106 94.5 67 66
500 675 75 82.5 119 96 92 64 66.5
PM 122.5
4. Economic comparator study 
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Table 4. Global parameters for economic assessment 
Parameter Unit Value
Useful economic life [a] 8
Welding metres per year [m] 60,000
Material - DH36
Detail - Butt weld
Plate length [m] 10
Plate field length [m] 30
Typical plate thicknesses [mm] 5-15
Table 5 presents the input and result figures for the economic comparison; FSW total 
investment costs are lower than SAW because of factors such as the absence of a turning 
plate for double sided welding, lower plate edge preparation requirements, etc. Welding 
speeds and usage of consumables are related to plate thickness therefore included in the 
machine direct costs for a thickness range given in Table 4. The following observations can 
be made on the analysis outlined in Table 5: 
 Although the average welding speed of SAW is 40% higher, the plates are usually welded 
with pass and capping pass (double sided welds) to avoid root failure. Therefore, there is 
an auxiliary process time 2.6 times higher than FSW. 
 The overhead and personnel costs are in both methods equal, but the machine direct 
costs in FSW are 13 times higher compared to SAW. This leads to a compelling difference 
in welding costs per metre and per hour. 
 The SAW costs per metre are in accordance with typical shipyard figures from the 
literature; FSW production costs however are outside any economical acceptability [7].  
 In total production time, FSW demonstrates a 20% advantage due to the quality of the 
root in single side welded butt joints.  
Table 5. Economic assessment results. 
SAW FSW
Number of passes 2 1
Pass / capping pass Yes No
Average welding speed 575 mm/min 400 mm/min
Primary processing time 1,800 h 2,500 h
Auxiliary process time 3,000 h 1,200 h
Investment costs machinery 830,			N 500,			N
Machine hourly rate 
N 	N
Machine direct costs 
N 1,	N
Overhead and personal costs 
N 
N
Production costs per metre 

N 	N
Production costs per hour 
N 1,	N
Total production time ~4,800 h ~3,700 h
A more detailed analysis of the single cost components regarding the undesirable disparity in 
production cost per metre for FSW and SAW is presented in Figure 6. Noticeably, the FSW 
machine direct costs represent a massive percentage of the total cost (Figure 6b). Further 
analysis of this cost category reveals that the cost of the FSW tool is dominant (Figure 6c). 
The market for FSW tools for steel is very limited, hence the cost of a FSW tool for steel 
remains in the region of N			 F78;4 8CB B4AE824 ;854 8B ;8<8C43 C> approx. 40 metres of 
welding. Therefore, the economic assessment of FSW and SAW has established the 
following: 
 FSW will only become economically viable for steel when solutions are found to decrease 
the tool cost or increase the tool life. 
 A further increase in welding speed is not expected to significantly influence the above 
finding due to the predominant tool costs. 
 FSW delivers other benefits such as low investment costs, as well as shorter production 
times with high quality welds. 
 FSW introduces considerable advantages with respect to its solid-sate, low heat input 
nature. As an example, less rework and fairing of welded structures are not considered in 
this economic assessment but are predicted to be a striking factor to decrease the overall 
production costs and time. 
 The use of FSW in shipbuilding is not only dependent upon cost related issues but also on 
C74?A>24BBM20?018;8CHC>F4;3<>A464><4CA84BC70=1DCCF4;3B4658;;4CF4;3B5C4A0;;
butt welding is generally not a time-related bottleneck in shipbuilding production. 
Fig. 6. Distribution of production costs for (a) SAW; (b) FSW; (c) FSW machine direct costs. 
5. Conclusions 
 2><?A474=B8E4BCD3H>5'+>5BC44;70BA4BD;C438=C7434E4;>?<4=C>50 large 
number of parameter sets based on the outcomes of microstructural evaluation and 
mechanical testing. 
 (74F4;38=6CA0E4AB4B?443>=BC44;70B144=6A40C;H 8=2A40B432><?0A43C> C74
2>=E4=C8>=0;;H DB43 B?443 >5 
		 <<<8= A number of weld parameters have been 
identified which may produce fast (in the region of 400 J 500 mm/min) welds of 
acceptable quality that are highly competitive to conventional fusion welding techniques 
on a technical level
 =8=E4BC860C8>=>5F4;3<82A>BCAD2CDA4B0=3A4BD;C0=C<4270=820;?A>?4AC84B0B05D=2C8>=
>5 F4;3 ?0A0<4C4AB 70B 34C4A<8=43 C70C '+ 64=4A0C4B 0 E4AH 2><?;4G <4C0;;DA6820;
BHBC4<
 An economic comparator study of FSW to SAW has found the former to be superior in 
<0=H20C46>A84B'C8;; C74'+C>>;8=62>BC 8=2>=9D=2C8>=F8C7 C74C>>;MB ;8<8C43B4AE824
life present a serious obstacle for the wider commercial acceptance of the process. 
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